Introduction
============

The neural maturation and plasticity which underpin children\'s cognitive development provide an endless source of important questions for Cognitive Neuroscience. In some children, this development runs into problems. Consider the example of dyslexia, which, depending upon the criteria that are used, is thought to affect between 5 and 10% of all children. Although much remains unknown and there is no definitive cure, a great deal has been discovered about dyslexia\'s cognitive and neural bases, a large number of different interventions have been developed and rigorously tested, and the behavioural and neural consequences of several such interventions have been longitudinally explored (e.g. Ahissar, [@B1]; Ramus and Szenkovits, [@B93]; Shaywitz et al., [@B101]; Gabrieli, [@B42]). From the perspective of basic science, such research has helped to illuminate questions about how the brain normally learns and processes language. In terms of practical consequences, it has helped to improve the reading of many children, to destigmatise the difficulties they are experiencing, and to show them that needing some additional reading instruction is not at all the same thing as being unintelligent. Perhaps the only downside of this impressive body of work is that it is harder these days to carry out novel dyslexia research than it used to be.

In contrast, consider exactly the same questions about the cognitive and neural consequences of growing up in a low socioeconomic status (SES) environment. According to the 2007 Census, 17.4% of children in the United States live in poverty (U.S. Bureau of the Census, [@B113], Information retrieved from the University of Michigan National Poverty Center, at <http://www.npc.umich.edu/poverty/>). As is described in detail in the sections below, there have been a substantial number of behavioural studies of the effects on children\'s development, and also many intervention studies, but comparatively few of these have had the benefit of rigorously controlled randomised designs. There have been a handful of neuroimaging studies: enough to warrant optimism that this is a promising area of investigation, but a tiny number in comparison to the studies of dyslexia or other learning disabilities. Although there are many crucial basic science questions about how differences in the environment shape neural development, the large environmental differences shaping human neural development have scarcely been addressed. While some interventions have appeared promising, there is much uncertainty about how enduring their effects are, and about what the necessary ingredients of a truly successful intervention should be. Far from destigmatising the learning difficulties caused by low SES, the less-than-distant history of academic psychology has contained some rather unsavoury episodes of seeking to attribute these difficulties to genetic inferiority. Perhaps the only upside of the relative scarcity of research on SES is that this area contains a great many interesting and potentially consequential open questions for Cognitive Neuroscience, ripe for investigation.

The Aims of This Review, and How it Differs From Others
=======================================================

There have been a number of recent publications reviewing the role of SES in cognitive development. Table [1](#T1){ref-type="table"} points the reader to several of them, grouped by their area of focus. In the present paper, we seek to highlight two questions which have not yet received much attention: first, we describe the large and open research opportunities, both pure and applied, which currently exist in this subject area. Despite its direct relevance to many questions which are central to Cognitive Neuroscience, remarkably few studies have so far been carried out. Second, we discuss how neuroimaging can work to ensure that it contributes useful information over and above what can be obtained from purely behavioural studies, especially in terms of diagnostic and predictive power.

###### 

**Summary of recent reviews on the relations between SES and cognitive development, from diverse fields**.

  Domain                       Type of data        Focus                                       References
  ---------------------------- ------------------- ------------------------------------------- ---------------------------------------------------------------------
  Cognitive Neuroscience       Neural and behav.   Brain development                           Hackman and Farah ([@B48]), Lipina and Colombo ([@B65])
  Cognitive Psychology         Behav. only         Home environment                            Bradley and Corwyn ([@B15])
                                                   Interaction with environment                Conger and Donnellan ([@B24])
                                                   Societal context                            Huston and Bentley ([@B57])
                                                   Environmental stressors                     Evans ([@B36])
                                                   Cost-effectiveness of early intervention    Reynolds and Temple ([@B96])
                                                   Books on early childhood intervention       Shonkoff and Meisels ([@B103]), Feldman ([@B40]), Nisbett ([@B82])
                                                   Books on language in home environment       Heath ([@B50]), Hart and Risley ([@B49])
  Economics                    Behav. only         Inequality and child development            Heckman ([@B51]), Borghans et al. ([@B13])
                               Neural and behav.   Inequality, plasticity and development      Knudsen et al. ([@B62])
  NICHD longitudinal study     Behav. only         Effects of reduced time for maternal care   Brooks-Gunn et al. ([@B18])
                                                   Effects of different types of child care    NICHD Early Child Care Research Network ([@B80])
                                                   Long term effects of early child care       Belsky et al. ([@B8])
                                                   Parental support for children\'s autonomy   NICHD Early Child Care Research Network ([@B81])
  Intervention and follow-up   Behav. only         Perry Preschool Program                     Weikart ([@B114]), Belfield et al. ([@B7]), Muennig et al. ([@B79])
                                                   Abecedarian Program                         Ramey and Ramey ([@B91]), Campbell et al. ([@B19])
                                                   Chicago Longitudinal Study                  Reynolds and Temple ([@B95]), Reynolds et al. ([@B98], [@B97])
  Clinical                     Neural and behav.   Interventions from pediatric perspective    Herrod ([@B54]), Bonnier ([@B12]), Bertrand et al. ([@B9])
                               Behav. only         Public health and developing countries      Grantham-McGregor et al. ([@B45]), Beddington et al. ([@B6])

An Opportunity for Neuroimaging: Lots of Behavioural Data, but Very Little Known about Underlying Mechanisms
============================================================================================================

As the list of reviews in Table [1](#T1){ref-type="table"} shows, there is a remarkable disconnect at present between the large amount of behavioural data which is available and the almost complete absence of corresponding neural data. This presents quite a research opportunity.

However, we wish to argue that simply measuring the "neural correlates" of SES-disparities would be insufficient. The behavioural data is compelling in its own right, and the mere process of adding of brain pictures may not in itself add any explanatory, diagnostic or predictive power, despite its seductive allure (Weisberg et al., [@B115]).

Fortunately, there are several ways in which neuroimaging may indeed be able to add substantively to our understanding, particularly in the area of intervention research. We now consider some possible approaches.

Ways in Which Neuroimaging Can Contribute Over and Above Behaviour {#s3}
==================================================================

The ideal circumstance for neuroimaging to make a contribution is when two people seem the same from outside the head, but actually differ inside the head. This information from inside the head is especially valuable if it contributes diagnostic or predictive power, over and above what purely behavioural measures can provide.

Examples of this are studies in which neuroimaging data helps to predict the degree to which subjects benefit from a subsequent intervention. This model has clear potential relevance to intervention studies in low-SES populations. For example, in studies of depression, activation in frontal and limbic regions has been found to be predictive of patient response to antidepressant drugs (Mayberg et al., [@B72]; Perlis et al., [@B87]; Langenecker et al., [@B64]) and to Cognitive Behavioural Therapy (Siegle et al., [@B104]). Similar results have been found in predicting gains from movement therapy in stroke patients (Dong et al., [@B29]). In a study of foreign- language learning in normal adults, Golestani et al. ([@B43]) found that a structural measure, namely white-matter density in left Heschl\'s gyrus, predicted subjects' abilities to learn non-native speech sounds. In dyslexia research, a number of studies have shown that neural measures can predict subsequent reading ability, using ERPs in infants (Guttorm et al., [@B47]) and preschool children (Maurer et al., [@B71]), and using functional and structural MRI (Hoeft et al., [@B55]). This last study, by Hoeft et al., is especially notable, as it used cross-validation techniques to ensure that the extra predictive power due to the neural measures was genuinely present, as opposed to potentially being an artifact of over-fitting.

There are other ways for neuroimaging to contribute beyond behavioural studies, other than by making prospective longitudinal predictions. Another potentially valuable service is retrospective: probing the neural changes which underlie intervention-induced behavioural changes. For example, dyslexics often manage to improve their reading via a variety of ad hoc compensatory strategies. Although their reading performance appears outwardly to have gained, it is often supported by different neural systems than those found in normal readers, and is less fluent as a result (Shaywitz et al., [@B102]). After remediation programs, dyslexics' brain activation tends to becomes more similar to that of normal readers, suggesting that the training has succeeded in acting upon the brain\'s canonical reading circuits, rather than simply producing another compensatory work-around (Shaywitz et al., [@B102]; Temple et al., [@B110]). Similar questions could be investigated after interventions in low-SES children. However, we are not aware of any such study which has been carried out to-date, illustrating yet again the many open opportunities for Cognitive Neuroscience in this area.

It is not only in intervention studies that neuroimaging has the opportunity to carry information over and above what is available from behaviour. In a study of 5-year-old children, Raizada et al. ([@B88]) investigated the relations between SES, fMRI activity and a battery of standardised test scores, and found that SES was strongly correlated with the degree of hemispheric specialisation in Broca\'s area, as measured by left-minus-right fMRI activation during a rhyming task. However, that fact in itself does not suffice to show that the neural measure is conveying additional information. Both SES and Broca\'s asymmetry would be expected to correlate with the children\'s language-test scores, as indeed was found to be the case, and so the correlation between SES and Broca\'s could potentially be merely a trivial consequence of both measures' correlation with the language scores. However, this concern was ruled out by using partial correlation: the SES-Broca\'s link remained significant even after the effects of the language scores were removed. This does not imply that SES was influencing Broca\'s via some kind of non-linguistic pathway. A more likely explanation is that the fMRI is a more sensitive measure of the development of Broca\'s than any of the behavioural tests are; each behavioural score is a compound function of perception, cognition, attention and motor control, whereas fMRI can probe Broca\'s more directly. Thus, neuroimaging may be able to provide us with a means to tease apart neural representational competence from behaviourally measured performance.

It should be noted that neural correlates of, and possible predictors for, SES-related impacts on behaviour are unlikely to be isolated to particular localised brain areas. Standard fMRI analysis takes a massively univariate approach, in which signals from the brain are analysed one voxel at a time. However, it is likely that multiple parts of the brain may act together in concert, especially in relation to a multifaceted phenomenon such as SES. Recently developed multivariate pattern-based methods of fMRI analysis are able to capture such multivoxel effects; for a review of the application of these methods to developmental cognitive neuroscience, see Bray et al. ([@B17]) in this volume. These pattern-based fMRI analyses have an additional advantage: by measuring the similarity of the distributed patterns of neural activation that are elicited by different task conditions, they can study the structure of people\'s neural representations (Kriegeskorte et al., [@B63]). This allows fMRI to distinguish between neural representations which are well-structured for performing a given task and representations which are poorly structured (Raizada et al., [@B89]), thereby providing another route to teasing apart neural representational competence and behaviourally measured performance. This distinction may have particular relevance to the puzzle discussed in the Section ["The Problem of Fade-out, and the Puzzle of Longer Term Gains"](#s1){ref-type="sec"}, in which intervention-induced changes seem to "fade-out" in the short term, but then to produce significant improvements in people\'s later lives: it could be that while behavioural performance fades out, an underlying increase in neural representational competence may persist, lying latent for several years but then re-manifesting itself in improved behaviour later in life.

What are the Behavioural and Neural Differences Associated with Low SES?
========================================================================

As mentioned above, there is a substantial disconnect between the amount of behavioural and neural data available on SES disparities. However, there is also a large disconnect between general diagnostics of cognitive ability and academic achievement and assessments of specific cognitive processes. For example, previous research has found that children from low SES backgrounds perform below children from higher SES backgrounds on tests of intelligence and academic achievement (Duncan et al., [@B33]; Bradley and Corwyn, [@B15]). Children from low SES backgrounds are also more likely to fail courses, be placed in special education, and drop out of high school compared to high SES children (McLoyd, [@B74]).

Although intelligence tests and academic achievement reflect cognitive ability, they are not particularly informative about brain regions associated with specific cognitive processes (i.e. neurocognitive systems). Accordingly, specific neuropsychological assessments have been employed in recent investigations to decompose cognitive function. In particular, Farah and colleagues used these techniques to derive several relatively independent neurocognitive systems (Noble et al., [@B84], [@B83]; Farah et al., [@B39]; Hackman and Farah, [@B48]). These systems are anatomically and functionally defined by neuropsychological studies with brain-damaged patients and activation studies using neuroimaging techniques with healthy subjects.

Table [2](#T2){ref-type="table"} summarises some of the main SES-related findings in these neurocognitive systems. Collectively, these studies present substantial evidence that the playing field is indeed unlevel. In the following section, we consider a range of interventions which have attempted to level it, and how these interventions create an exciting and also pressing opportunity for Cognitive Neuroscience.

###### 

**Some of the main experimental findings on SES and cognitive development**. From the very small number of neural studies, together with the large number of behavioural findings, it can be seen that there are great opportunities for new research.

  Domain                  Type of data              Task                                  Subjects                           Finding                                                                                     References
  ----------------------- ------------------------- ------------------------------------- ---------------------------------- ------------------------------------------------------------------------------------------- ----------------------------------------------------
  Language                Behav. only               Lang. in home                         Children                           SES corrs. with richness of language environment                                            Heath ([@B50]), Hart and Risley ([@B49])
                          Behav. only               Lang. in home                         4--5yo children                    SES corrs. with maternal and child syntax                                                   Huttenlocher et al. ([@B58])
                          Behav. only               Lang. in home                         2yo children                       SES corrs. with maternal and child vocabulary                                               Hoff ([@B56])
                          Behav. only               Standardised tests                    5yo children                       SES corrs. with vocab., phon.awareness, grammar                                             Noble et al. ([@B85])
                          Struct. MRI               Phon. awareness                       11yo children                      SES does not corr. with planum temporale asym.                                              Eckert et al. ([@B35])
                          fMRI                      Reading ability                       Dyslexic adults                    Compensated readers were at higher SES schools                                              Shaywitz et al. ([@B102])
                          fMRI                      Phon. awareness                       6--9yo children                    Higher SES have less typical brain-behav. relation                                          Noble et al. ([@B86])
                          fMRI                      Rhyming task                          5yo children                       SES corrs. with left-minus-right Broca\'s activation                                        Raizada et al. ([@B88])
  Math                    Behav. only               Number tasks                          3--5yo children                    Low-SES children worse in verbal math problems                                              Jordan et al. ([@B59])
                          Behav. only               Number intervention                   4--5yo children                    Low-SES math improved by Number Worlds                                                      Griffin et al. ([@B46])
                          Behav. only               Number intervention                   3--4yo children                    Low-SES math improved by Pre-K Math                                                         Starkey et al. ([@B107])
                          Behav. only               Number intervention                   4--5yo children                    Low-SES math improved by linear board game                                                  Siegler and Ramani ([@B4])
                          Behav. only               Home env., math                       3--10yo children                   SES is a predictor of math attainment at age 10                                             Melhuish et al. ([@B75])
                          Behav. only               General math                          Young children                     General reviews of SES and math                                                             Jordan and Levine ([@B60])
  Attention, Exec.func.   Behav, cortisol           Cogn. tasks, cortisol                 6--16yo children                   Age-dependent cortisol and attention SES diffs                                              Lupien et al. ([@B68])
                          Behav. only               Attent. Network Test                  6yo children                       Low-SES children had reduced attentional control                                            Mezzacappa ([@B77])
                          Behav. only               A-not-B task (exec.)                  6--14mo infants                    Low-SES infants made more errors                                                            Lipina et al. ([@B66])
                          Behav. only               Working mem./Exec.                    5yo children                       Low-SES had reduced working mem. and exec.func                                              Noble et al. ([@B84])
                          Behav. only               Working mem./Exec.                    10--13yo children                  Low-SES had reduced working mem. and exec.func                                              Farah et al. ([@B39])
                          Behav. only               Working mem./Exec.                    6--7yo children                    Low-SES had reduced working mem. and exec.func                                              Noble et al. ([@B83])
                          ERP, behav.               Auditory attention                    11--14yo children                  Nd ERP in high but not low SES, no behav. diff                                              D\'Angiulli et al. ([@B27])
                          ERP, behav. ERP, behav.   Visual attention Auditory attention   7--12yo children 3--8yo children   Low SES: reduced visual and novelty (N2) ERPs Low SES: less ERP suppression of unattended   Kishiyama et al. ([@B61]) Stevens et al. ([@B108])
  Memory                  Behav. only               Memory                                Adults                             General review of SES and memory                                                            Herrmann and Guadagno ([@B52])
                          Behav. only               Incidental learning                   6--13yo children                   Low SES had reduced incidental learning                                                     Farah et al. ([@B39]), Noble et al. ([@B83])
                          ERP, behav.               Recency/recognition                   Adults                             Elderly low-SES worse on recency task                                                       Czernochowski et al. ([@B26])
  Stress                  Behav, cortisol           Cortisol, surveys                     6--10yo children                   Low SES: higher cortisol, maternal depression                                               Lupien et al. ([@B67])
                          Behav, cortisol           Cogn. tasks, cortisol                 6--16yo children                   Age-dependent cortisol and attention SES diffs                                              Lupien et al. ([@B68])
                          Behav, physiol.           Cortisol, blood press.                13yo children                      Poverty corrs. with impaired stress reactivity                                              Evans and Kim ([@B37])
                          Behav, physiol.           Working mem., stress                  Young adults                       Poverty corrs. with poorer working mem.                                                     Evans and Schamberg ([@B38])
                          Struct. MRI               Parental care, MRI                    Young adults                       Parental nurturance corrs. with hippocampal vol.                                            Rao et al. ([@B94])

Interventions: Towards Levelling the Playing Field
==================================================

Given the large body of behavioural data described above, along with the very small but growing body of neural data, there is little doubt that children\'s development takes place on an unlevel playing field: lower SES children experience environments which are more stressful and less cognitively enriching than those of higher SES children. This immediately raises the question: what can be done to improve the conditions for these children\'s development?

As was remarked upon in the introduction to this paper, Cognitive Neuroscience finds itself in an unusual and potentially very fruitful position here. There are many intervention programs already ongoing, and more still about to start up, but almost all are operating without either input from, or study by, the Cognitive Neuroscience community. There is clearly an opportunity here to start addressing questions which are important not only from a societal point of view but also in terms of basic science. What kinds of interventions produce enduring neural changes? What kinds of intervention-induced neural changes are most predictive of longer term post-intervention behavioural gains?

Examples of successful interventions, tested with proper controls
-----------------------------------------------------------------

Although many interventions have been attempted, there have been relatively few which meet the strict scientific criteria of a rigorous randomised trial. The confidence with which claims of effectiveness can be made is therefore not as high as it could be. However, there have been a number of studies which do meet these standards, and of those some have provided invaluable longitudinal data about the interventions' enduring effects from childhood into adulthood. In the following section, we wish to highlight the neuroscientific questions and opportunities which some of these interventions suggest, to discuss what the successes and shortcomings of such interventions might tell us about underlying neural mechanisms, and to emphasise the untapped potential for new neuroscientific studies which such interventions offer.

The two best examples of randomised interventions with long-term longitudinal follow-up data are the Abecedarian Program (Ramey and Ramey, [@B92]; Campbell et al., [@B19], [@B20]; Barnett and Masse, [@B5]), and the Perry Preschool Program (Weikart, [@B114]; Belfield et al., [@B7]; Muennig et al., [@B79]). A third source of longitudinal data on the effects of intensive intervention is the Child--Parent Center (CPC) Program, whose follow-up branch is called the Chicago Longitudinal Study (Reynolds and Temple, [@B95]; Reynolds et al., [@B98], [@B97]). That intervention treated all of its enrolled children and hence did not have a randomised design, but its follow-up studies have used a quasi-experimental cohort design by selecting randomised and matched control groups. All three programs concentrated on low-SES, predominantly ethnic minority children. In the present discussion, we will focus on the two fully randomised studies, namely the Perry Preschool and Abecedarian programs.

The Perry program enrolled 64 children at ages 3 and 4, and consisted of intensive daily sessions lasting 2.5 h each, and also a weekly 90-min home visit to build parental involvement. This lasted for 30 weeks each year, for 4 years. Longitudinal follow-up is ongoing, with the most recent paper describing the participants 37 years later (Muennig et al., [@B79]). The Abecedarian program was larger, with 111 children, and was even more intensive, involving full-day care from 7.30 am to 5.30 pm, 5 days per week, 50 weeks per year, with free transportation provided. The children started at an average age of 4.4 months, and remained in the program until age 8. Longitudinal follow-up continued until age 21.

The interventions described above all seek to address a broad range of cognitive skills simultaneously. There also exist several low-SES-targeted interventions which are more tailored towards addressing specific skills, some of which have been mentioned in the discussion of different neurocognitive systems above. Examples include the math interventions listed in Table [2](#T2){ref-type="table"} (Griffin et al., [@B46]; Starkey et al., [@B107]; Ramani and Siegler, [@B90]; Siegler and Ramani, [@B105]), and the "Tools of the Mind" intervention aimed at improving executive function in pre-school children, which is discussed further in the Section ["Metacognitive Skills: Self-control, Perseverance, and Long-term Benefits"](#s1){ref-type="sec"} (Diamond et al., [@B28]), and, also in the domain of executive function, an ongoing training study aimed at improving children\'s fluid reasoning ability (Mackey and Bunge, [@B69]). These more skill-specific studies have not yet been followed up with long-term longitudinal data, so the crucial question of their enduring impact is as yet unaddressed. The longitudinal follow-up data that we do possess shows a puzzling pattern, which Cognitive Neuroscience may be very well positioned to help explain. In the following section, we consider that puzzle and the possible opportunity which it brings with it.

The problem of fade-out, and the puzzle of longer term gains {#s1}
------------------------------------------------------------

The Abecedarian and Perry Preschool programs described above were clearly major undertakings. One would expect such strenuous efforts to be almost guaranteed to produce beneficial effects in the participating children, at least in the short term. That was indeed found to be the case, as the references cited above describe. However, they both exhibited a puzzling effect, which is almost tailor-made for a Cognitive Neuroscience investigation: after the children left the program, the benefits in IQ and other test scores appeared to "fade out". Remarkably, though, longitudinal follow-up decades later revealed that the participants did much better than comparable non-enrolled children on several important life-measures, including the proportion who graduated high-school, who studied in a 4-year college, or who owned their own home. A concise summary of these results can be found in Knudsen et al. ([@B62]). Chapter 7 of Nisbett ([@B82]) also provides an excellent discussion of these and related findings.

This is an encouraging long-term result, but also a puzzling one. If intervention-induced gains fade out relatively quickly, then there might seem to be even less chance that any gains would be observed decades later, in adult life. It might appear that the effects of such interventions on cognition might be a little like the weight-loss achieved by a crash diet: once the intervention is ended, the benefits tend to "fade out." The Head Start program in particular has been criticised on these grounds, with a possible cause of the fade-out being the poor quality schools that children are fed into after their participation in Head Start ends (Currie and Thomas, [@B25]; Fryer and Levitt, [@B41]). However, such claims are controversial, and it has been argued that much of the apparent fade-out is an artifact of attrition and poor design in follow-up studies (Barnett and Hustedt, [@B3]).

Although the data for Head Start may be unclear, the data illustrating short-term fade-out in the Perry Preschool Program is unequivocal, and can be clearly seen in Fig. 1 of Knudsen et al. ([@B62]): in their first 2 years of participation in the Perry program, children\'s average IQs increased by 10--15 points compared to a control group, but by the age of 10, 2 years after the children had left the program, these gains had completely faded out, with no difference between the intervention and control groups. Despite that, the data showing real longer-term gains is equally clear: it is especially striking to compare the fade-out at age 10 shown in Fig. 1 with the major improvements in life circumstances at age 27 which are summarised in Fig. 2A of the same paper. Similar results emerged for the Abecedarian Program, also summarised in the same figures. Clearly this is a puzzle in need of explanation. In the following section, we suggest this constitutes a particularly promising opportunity for Cognitive Neuroscience to make a contribution.

An opportunity for cognitive neuroscience: what are the neural changes that endure while behavioural changes are fading out?
----------------------------------------------------------------------------------------------------------------------------

As was argued in the Section ["Ways in Which Neuroimaging Can Contribute Over and Above Behaviour"](#s3){ref-type="sec"}, the ideal circumstance for neuroimaging to make a contribution is when two people seem the same from outside the head, but actually differ inside the head, especially if these internal neural differences can provide predictive power, over and above what purely behavioural measures can provide.

This is precisely the case in the situation described here of short-term fade-out followed by longer-term gains. Looking only at the behavioural measure of IQ scores, a 10-year-old child who had previously participated in the Perry Preschool Program would have seemed no different from a 10-year-old in a non- intervention control group. However, something about those children must have been different, as the Perry participants went on to be much more likely graduate from high school, to own a home, and to stay off welfare.

One possibility, which has yet to be explored, is that differences in neural maturation and neural representational capacity may be induced by interventions, but that they may manifest themselves in behaviour only gradually over the course of many years. Two newly built houses may both look good upon completion, but the one with more firmly built foundations and more weather-proof paint will be in much better shape after 10 or 15 years. Neuroimaging could, potentially, be able to reveal how an intervention acts to strengthen the neural foundations upon which a child\'s later cognitive development depends. Which neural measures, if any, might turn out to have the greatest long-term predictive power is a potentially important empirical question which is currently completely open.

Metacognitive skills: self-control, perseverance, and long-term benefits {#s2}
------------------------------------------------------------------------

Another possible explanation for the occurrence of longer-term gains after short-term fade-out, and one which is not at all exclusive of the neural hypothesis suggested above, is that the intervention programs may have induced greater powers of self-regulation and self-control in the children, and that these enhanced executive skills may have manifested themselves in greater academic attainment much later in life. In kindergarten, improved self-control may have only a weak effect on how much a child learns, but in high-school, when self-directed study and homework start to become important, the effect could be substantial.

In an important series of studies, Duckworth and colleagues have shown that such self-discipline and perseverance, which they capture using the term "grit", is more predictive of academic performance than are more conventional measures such as IQ (Duckworth and Seligman, [@B32]; Duckworth et al., [@B30]; Duckworth and Quinn, [@B31]).

Such powers of self-regulation may be trainable from a young age. Working with low-SES preschool children, Diamond et al. ([@B28]) have recently produced exciting evidence that self-control and executive function can be increased, using an intervention called "Tools of the Mind" which is based on Vygotsky\'s principles of executive function and development (Bodrova and Leong, [@B11]). The children in the study showed improved accuracy on tests that measure core aspects of executive function. In a follow-up study, Barnett et al. ([@B4]) replicated these effects on executive function, but found only small improvements in language development. It will be important to carry out long-term follow-up of such studies, to see whether academic gains may start to emerge later in high-school, when self-regulatory skills start to have a more direct impact on academic outcomes via homework, revision for exams and so on.

Given these considerations, it is possible that the longer-term gains exhibited by the Perry Preschool and Abecedarian Program participants may have stemmed from enduring improvements in self-regulation. Such gains may have little effect on measured IQ scores, but may make all the difference in helping children to avoid dropping out of high-school. This possibility also suggests several specific neural and cognitive hypotheses that could be tested, using prefrontal/executive tasks such as stop-signal inhibition and Stroop interference (Stuss and Alexander, [@B109]).

Positive feedback loops: how a small intervention may eventually have large effects
-----------------------------------------------------------------------------------

One particularly appealing aspect of training executive function in young children is that it could potentially trigger a long-term self-reinforcing trend, with improved self-control enabling greater attentiveness and learning, which would in turn help to make a child\'s educational experiences more rewarding, thereby facilitating yet more intellectual growth. That rather rosy-sounding scenario of course raises the question of whether such positive feedback loops can in fact be induced.

One phrase that has been used to describe such phenomena is "the Matthew effect" (Merton, [@B76]), based on the following text from the Gospel of St. Matthew: "For unto every one that hath shall be given, and he shall have abundance: but from him that hath not shall be taken away even that which he hath" (XXV:29). In other words, the rich get richer and the poor get poorer. In the domain of cognitive development, Stanovich ([@B106]) argued that learning to read can produce precisely such effects: the better a child can read, the more likely they are to seek out and find new reading material, thereby improving their reading ability still further. Conversely, a child who experiences reading difficulties may become more and more likely to avoid reading, thus dropping further and further behind. The degree to which this phenomenon actually holds true in reading development is a topic of some debate (Shaywitz et al., [@B100]; Scarborough and Parker, [@B99]; Morgan et al., [@B78]). It may well hold true in interventions of the sort considered in the present review: in a meta-analysis of interventions aimed at making children\'s home environments more conducive for cognitive development, it was found that higher SES households showed more improvements than did lower SES ones (Bakermans-Kranenburg et al., [@B2]).

In two studies reported in Science, Cohen and colleagues have shown that brief self-affirmation writing assignments aimed at reducing feelings of academic threat in ethnic minority high-school students had the effect of producing significant improvements in grade-point average, which endured over a period of 2 years (Cohen et al., [@B22], [@B23]). They argue that this small intervention can induce large effects precisely due to triggering a positive feedback loop, writing that "because initial psychological states and performance determine later outcomes by providing a baseline and initial trajectory for a recursive process, apparently small but early alterations in trajectory can have long-term effects" (Cohen et al., [@B23]).

Another source of evidence that seemingly small interventions can have large effects if they induce enduring changes in mindset comes from the work of Dweck and colleagues (Blackwell et al., [@B10]; Dweck, [@B34]). They have shown that teaching children a "growth mindset", in which achievement is viewed by the child as deriving from hard work and therefore being under their individual control, as opposed to a "fixed mindset", in which achievement is viewed as being determined by how much innate ability one happens to have, can lead to markedly improved long-term educational outcomes. Specifically, in an intervention study with seventh graders drawn from a range of SES and ethnic backgrounds, Blackwell et al. ([@B10]) found that the math scores of children who had been taught the growth mindset increased with respect to a fixed-mindset group over a period of 1.5 years.

KIPP, the harlem children\'s zone, and a coming wave of interventions in need of neural measures
------------------------------------------------------------------------------------------------

The Perry Preschool and Abecedarian studies described above show that sustained and intensive interventions can indeed make lasting differences in the lives of low-SES children. However, those studies were of very limited size, raising the question of whether they can be scaled up in order to help larger populations of children. Naturally, the larger a program becomes, the harder it is to preserve sustained and intense high-quality intervention. Some exciting programs attempting to do precisely that are taking place right now.

One such effort is an organisation of charter schools called the "Knowledge is Power Program", or KIPP[^1^](#fn1){ref-type="fn"}. Founded in 1994, KIPP currently includes 82 schools across 19 states with around 20,000 students in all. The KIPP students are drawn almost entirely from low-SES neighbourhoods, with more than 80% of the children being eligible for free or subsidised school lunches, and are highly intensive. There is a strong emphasis on self-discipline and commitment to learning, and children receive small monetary reward "paychecks" each week, based on their academic performance and standards of behaviour (Mathews, [@B70]).

An even more ambitious program, although currently not operating on as large a scale, is the Harlem Children\'s Zone, or HCZ[^2^](#fn2){ref-type="fn"}. This program seeks to create a continuous "pipeline" to promote the cognitive development of low-SES children, starting from birth and continuing through preschool, elementary school and middle school. One of the main aims of having such an unbroken chain of high quality care is to prevent fade-out from having any opportunity to arise. An excellent description of the program and its creation can be found in Tough ([@B111]).

Unlike the much smaller Perry Preschool and Abecedarian programs, there is no randomised control group available against which the KIPP or HCZ schools' performance can be compared, and indeed such an arrangement at so large a scale would probably be impossible. Thus, studies of their effectiveness must be interpreted with caution. With that borne in mind, initial results are promising: KIPP children\'s scores on California State and national language and math tests were markedly higher than those of children from comparison schools (Woodworth et al., [@B116]), and Harlem Children\'s Zone students ranked in the top fifth of all eighth grade classes in the whole of New York City, a comparison group in which most of the schools are from higher SES neighbourhoods than Harlem (Tough, [@B111]).

In what may by now be a familiar refrain to readers of this review, we wish to point out that this very large scale intervention program has, as far as we are aware, been not yet been accompanied by any Cognitive Neuroscience measures whatsoever, not even at the behavioural level. Clearly there are potential research opportunities here, although the absence of a pre-existing randomised control group means that, in order to be statistically valid, studies may need to use very carefully controlled prospective longitudinal designs.

In 2008, more than 10,000 children were enrolled in the various sections of the Harlem Children\'s Zone program. However, it is likely that over the coming 2--3 years, a far larger number of children will participate in such programs: the Obama administration has proposed in its 2010 budget plan to set up "Promise Neighborhoods" in urban centres across the country, directly modelled on the Harlem program[^3^](#fn3){ref-type="fn"}. As we discuss in the Section ["A Pressing Opportunity: Ongoing Intervention Programs Without Any Cognitive Neuroscience Studies"](#s4){ref-type="sec"}, this coming wave of large-scale intervention programs constitutes a pressing opportunity for Cognitive Neuroscience. They could either be a source of invaluable data about the impact of cognitive stimulation on neural development, or they could become yet another example of a major behavioural study passing by, without any knowledge being gained about the underlying neural mechanisms that the intervention is fundamentally acting upon.

Challenges, Opportunities and Future Directions
===============================================

Minefields associated with investigating SES, and approaches for defusing them
------------------------------------------------------------------------------

Any researcher who starts to investigate the relation between cognitive development and SES will quickly find that this is very much a touchy topic. There is often a suspicion that some attempt may be made to put a scientific veneer of respectability onto a claim that people from lower socioeconomic backgrounds are somehow inferior or undeserving. From the current authors' own perspective, which we have no reason to believe is atypical of the field in general, this is absolutely the opposite of what is intended. On the contrary, the hope would in fact be to provide scientific support for educational and social intervention programs which would help to reduce socioeconomic disparities. In order pre-emptively to fend off misunderstandings of this sort, it may be wise to make such intentions as explicit and salient as possible. We hope that the title of this paper reflects that.

Another objection frequently levelled against studies of SES, and not always without some justification, is that scientific studies may take too reductive a view of the complex and multifaceted environments in which children grow up. A variety of factors interact at multiple scales, including parents, schools, social peer groups, and neighbourhood communities, yet despite that SES is often characterised by just a single number. Such a one-dimensional measure is undoubtedly an over-simplification, but such over-simplifications can be useful at least as an initial step, especially for trying to find important trends in large and complex datasets. Fortunately, much more detailed and multidimensional measures of children\'s environments are available, such as the HOME Inventory of Bradley, Caldwell and colleagues (Bradley et al., [@B14], [@B16]). Recent reviews emphasising the importance of viewing SES in a sociological context can be found in Conger and Donnellan ([@B24]) and Huston and Bentley ([@B57]).

A related potential criticism is the suggestion that Cognitive Neuroscience studies portray being of low SES as some kind of "deficit". Here again, it seems to us that a helpful response is to emphasise that the aim is quite the opposite, namely to help build the foundations for improving children\'s educational opportunities. There can also be an understandable discomfort about having a bunch of rich, white university professors coming along and trying to tell poorer people how they should raise their children. A promising solution to this problem is exemplified by the Harlem Children\'s Zone, which is staffed by people who have lived and grown up in the in the local community.

Unfortunately, the suspicion of academic psychology described above has not always been unwarranted. The field has, in the not very distant past, been associated with some rather unsavoury claims that socioeconomic achievement gaps are caused by some alleged genetic inferiority. The best known expression of this view is the book "The Bell Curve" (Herrnstein and Murray, [@B53]). Several very detailed and thorough dismantlings of that thesis have been published, perhaps most notably the books by Gould ([@B44]) and, more recently, Nisbett ([@B82]). Without attempting to repeat all those arguments here, we wish to highlight two points in particular. First, as Nisbett ([@B82]) argues in detail, studies that appear to measure heritability may in large part be measuring environmental homogeneity. If all children grew up in exactly the same environment, then all characteristics would appear to be 100% hereditary and 0% due to environmental variation: no effects can be accounted for by environmental variation if there is no environmental variation in the first place. In terms of providing environments conducive to children\'s cognitive development, the households of adoptive parents or of high-SES families may in fact be highly homogeneous, with them all containing educated adults who play with and read to their children. In contrast, the environments in lower SES households may have much greater variability. Based purely on these environmental homogeneity considerations, one would therefore predict that intelligence should appear to be much more heritable in high-SES families than in low-SES families. Indeed, this is precisely what is observed (Turkheimer et al., [@B112]). A second point worth making, which is not discussed in Nisbett ([@B82]), is that the whole premise of the nature-vs.-nurture debate is rendered highly questionable by recent discoveries in genetics. Although our genes remain the same, the *expression* of those genes, i.e. whether those genes are turned on or off, is hugely influenced by the environment throughout life (Champagne and Mashoodh, [@B21]). Indeed, the activation and deactivation of genes within the nuclei of neurons is precisely the pathway via which the environment makes long-term changes to our synapses during learning (McClung and Nestler, [@B73]). Given this dynamic interplay between genes and the environment, with influence running in both directions, old controversies about nature-vs.-nurture may have hinged upon a distinction that is false.

A pressing opportunity: ongoing intervention programs without any cognitive neuroscience studies {#s4}
------------------------------------------------------------------------------------------------

Longitudinal intervention studies are perhaps the most difficult of all types of experiments to set up and run. They are time-intensive and very costly, and pose major challenges of subject recruitment and retention. This is true enough when the participants are well-off middle class families with their own transportation and the ability to find free time, but is greatly more difficult when they are low SES families struggling to get by. However, longitudinal intervention studies are also the only way to address many of the most important questions about cognitive development.

From this perspective, it would seem like quite a missed opportunity if several large-scale longitudinal interventions serving low SES children were to take place and run their course without any study by, or input from, the Cognitive Neuroscience community. Yet this is precisely what is happening right now, and what will be happening on a broader nationwide scale if a network of Promise Neighbourhoods is set up across the country without any neuroscientific measures being made. There is clearly an opportunity here to start addressing questions which are important not only in from an applied point of view but also in terms of basic science. What kinds of interventions produce enduring neural changes? What kinds of neural changes are most predictive of longer term post-intervention behavioural gains? Which neural processes fade away without constant support, and which can trigger self-sustaining improvements? In scientific and also societal terms, the impact from starting to answer these questions could be substantial.
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